Abstract Prader-Willi syndrome (PWS) is caused by a lack of expression of paternally-expressed imprinted genes at human chromosome 15q11-13 and is characterized by a switch from infant anorexia to childhood hyperphagia. A recent multiphase staging system recognizes gradual changes between the anorexic and hyperphagic phases of PWS. We undertook to use clinical records from an independent population to assess the multiphase system and explore the implications for the evolution of distinctive features of human childhood. Medical records of 258 clinic visits by 55 patients with PWS were reviewed with a focus on appetite and feeding. These clinical records were found to be inadequate for placing patients into particular phases of the multiphase system. Under the multiphase system, the onset of hyperphagia in PWS appears to coincide more with the timing of adrenarche than weaning from the breast and this timing should frame future evolutionary hypotheses. We discuss challenges encountered while attempting to use clinical data to explore evolutionary questions, but also identify useful information contained in the records.
Introduction
Humans are one of the most genetically well-studied species, but major gaps remain in scientific knowledge because of ethical and practical constraints on human experimentation. Gene functions in other "model organisms" can be probed by manipulations that will never, and should never, be performed on human subjects. As a partial substitute, DNA copying errors ("mutations") inevitably occur within the human population and come to medical attention when they affect the health of affected individuals. Thus, medical case records contain extensive replication of rare genetic events that are "natural experiments" providing clues about gene function. These records could, in principle, allow genetic functions in humans to be probed in ways analogous to "knockout" experiments in other species, but they are subject to important constraints that such research be clinically justified and do no harm. An aspiration for evolutionary medicine is to use data from clinical genetics to provide insights into human evolution and then to use these evolutionarily-informed insights to improve clinical practice.
Each patient is unique with individualized medical treatment shaped by their particular symptoms and the idiosyncratic decisions of parents and physicians. Although case studies of rare diseases can be considered natural experiments, medical records often resemble anecdotal natural history more than records in an experimental notebook. One challenge is whether useable information relevant to evolutionary questions can be extracted from data collected for very different purposes. We undertook to explore this question using the medical records of a group of patients with Prader-Willi syndrome (PWS), a rare disorder, with a frequency of between one in 10,000 and 30,000 live births [1] .
In 1989, cytologically indistinguishable deletions of human chromosome 15q were shown to be associated with a diagnosis of either PWS when the deletion occurred on the chromosome inherited from a child's father or Angelman syndrome (AS) when the deletion occurred on the chromosome inherited from the child's mother. Therefore, PWS and AS were strongly suspected of being caused by disordered expression of genes that were differentially expressed when inherited via eggs or sperm [2] . In the same year, genomic imprinting was proposed to have evolved in response to intragenomic conflict between genes of maternal and paternal origin [3] . Since then the role of imprinted genes in the etiology of PWS and AS has been confirmed [4] and the phenotypes of these genetically-paired syndromes have been interpreted as providing clues about the role of kin interactions in the evolution of distinctive features of human childhood [5, 6, 7, 8] .
PWS particularly attracted attention of evolutionary biologists because its primary symptoms involve perturbations of childhood appetite, suggesting that kin-mediated conflicts have shaped the evolution of childhood feeding behaviors and that the phenotype of PWS may provide clues about the roles of matrilineal and patrilineal kin in caring for ancestral children at different stages of their development. PWS was traditionally characterized as having two nutritional phases: an early phase in which infants fed poorly and were disinterested in food; and a later phase in which children became hyperphagic, obsessed with food, and morbidly obese [9] . The age at which children with PWS shifted from "anorexia" to "hyperphagia" was suggested to begin in the second or third year of postnatal life [5, 10] . Previous attempts to interpret changing appetite in PWS from an evolutionary perspective have been based on this two-phase model. The early "anorexic" phase was readily explicable in terms of maternal-paternal conflict over infant care [5, 8] . Paternally-expressed genes (PEGs) from the PWS/AS chromosomal region were proposed to have evolved to increase nutritional demands on mothers by promoting more intense suckling and frequent waking. In the absence of expression of these PEGs, infants with PWS exhibit weak suck and prolonged sleep.
The later "hyperphagic" phase posed a more formidable puzzle for evolutionary interpretation. How could increased appetite in the absence of expression of PEGs be reconciled with the theoretical prediction that PEGs increase costs to mothers or their kin? The anthropological literature suggests that humans typically introduced supplemental foods at about six months, with cessation of breastfeeding in the third year [11] . If the onset of hyperphagia is in the second or third year, as envisaged in the two-phase model of PWS, then appetite increased at roughly an age at which our ancestors were being weaned from the breast. Therefore, Haig and Wharton proposed that PEGs from the PWS region had been selected to delay weaning by causing infants to resist substitution of alternative foods for breast milk [5] . As an alternative,Úbeda proposed that weaning was evolutionarily associated with a shift from reliance of children on mothers for nutrition to greater dependence on fathers and their kin [6] . A choice between these models requires a better understanding of typical patterns of provisioning in the evolutionary past and a better understanding of the phenotype of PWS.
A recent synthesis of the clinical experience of eminent researchers in the field has replaced the two-phase model of nutritional development in PWS with a more complex model of seven phases and subphases [10] . These are (0) decreased fetal movements; (1a) hypotonia, feeding difficulty and decreased appetite (0-9 months); (1b) improved feeding and appetite with appropriate growth (9-25 months); (2a) increasing weight without enhanced appetite or excessive caloric intake (2.1-4.5 years); (2b) increased appetite and caloric intake without hyperphagia (4.5-8 years); (3) hyperphagia (after 8 years); (4) satiable appetite (present in two adults). From an evolutionary perspective, the initial improvement of appetite in the new multiphase model coincides roughly with the ancestral period of human weaning, but the onset of frank hyperphagia is too late to be explicable in these terms.
We undertook to assess the new model in a retrospective review of medical records at one of the largest PWS clinics in Canada. The control of food intake is a major clinical concern for patients with PWS and their caregivers, and our long-term hope is that a better understanding of the evolutionary forces that have shaped developmental changes in human appetite may provide insights into more effective treatment of excessive eating in PWS.
Methods
A total of 258 retrospective chart reviews were conducted of 55 patients with PWS (26 female, 29 male) at the Infant Child & Adolescent Nutrition Clinic (ICAN) in North York General Hospital (Toronto, ON, Canada). Patients varied in age from 6 weeks to 51 years (mean = 11.6 years), with 1-34 clinic visits per patient (median = 6). All data collected in these chart reviews were based on the standardized PWS collection sheets used at ICAN, as well as a thorough review of any external testing, reports from specialists, and anecdotal reports from family or community staff recorded in each patient's file.
Genetic testing was conducted by local hospital facilities under the referral of the families' physicians, as per standard clinical practice. All patients had a phenotypic diagnosis of PWS, but only 33 (60%) had undergone genetic testing. Of these patients, a genetic cause of PWS was identified in 27 cases (n = 4 maternal uniparental disomy, n = 23 deletion), but no genetic cause could be determined in six cases (18% of those tested). Most patients (14/21) whose first visit occurred before 5 years old had a molecular diagnosis, while only 9/28 patients whose first visit occurred after 10 years old had a molecular diagnosis. The difference in rates of genetic testing by age is not surprising; genetic tests for PWS are usually conducted soon after birth and were not standard practice, or had not yet been developed, when older patients were infants.
The standard treatment recommended to parents at ICAN is not to introduce supplemental foods until 10 months of age because of hypotonia, which affects feeding. Upon introduction of supplemental foods, a sheet is used that exchanges breast milk or formula for an equal calorie amount of purees to prevent excess weight gain. Parents are instructed in the red-yellow-green system of food choices [12] .
Results

Application of the new staging system
Our primary finding was that the chart reviews contained inadequate information to assign individuals with PWS to one of the subphases described by Miller and colleagues [10] . Our analysis also identified some general difficulties with application of this staging system to clinical populations. The new scheme is based on the impressions of authors with long clinical experience of working with children with PWS and includes some subjective elements. For example, the transition from decreased appetite (1a) to improved appetite (1b, 2a) to enhanced appetite (2b) to hyperphagia (3) is a continuum without explicit criteria of where to draw lines between phases. Moreover, some criteria used in staging are not routinely included in medical records. For example, clinics usually do not record body fat measures for children under the age of nine, by which point most children with PWS would already be in phase (3) . Even if better data were available, there is no clear guidance how clinicians should apply it to sort their patients into nutritional phases. None of the statistical analyses provided by Miller and colleagues demonstrate a linear progression of phases, nor do their analyses control for changes with age. The categorization of phases is therefore somewhat arbitrary and creates ambiguity when placing patients in a particular phase.
While the primary symptoms of PWS are related to feeding and growth, individuals with PWS also exhibit characteristic behavioral disturbances, including temper tantrums, obsessions, compulsions, sudden acts of violence, and poor social behavior. Such behavioral outbursts are often related to food restrictions but can occur without obvious provocation [13] , and can cause familial and social disruptions. While behavioral interventions can be effective [14] , psychiatric treatment is often implemented, including medication. Most patients in our study aged 15 years or older were prescribed at least one psychiatric medication (45/83 visits), with most taking combinations of drugs, sometimes twenty or more. Many psychiatric drugs are known to suppress or enhance appetite. Without controlling for effects of medication while evaluating the progression of PWS, physicians may misinterpret drug-induced changes of appetite as ontogenetic stages of the disease. This is a particular concern for the later phases of the multiphase system, which relies on subtle changes in appetite for patients in this age category. Almost half of our patients (n = 20) had been prescribed Topirimate as adults (age 22-33 years) specifically for its appetite suppressing effects. In fact, 28/55 patients had been on at least one appetite modifying (suppressing or enhancing) drug; the heavy use of prescription medication in this population creates uncertainty about whether observed changes in appetite in adults are due to medication or are part of the unmedicated natural history of PWS.
Other variations in treatment could also influence assignment of nutritional phases. For example, twenty patients in our study spent their adolescence and adult years in group homes where food intake was carefully controlled, including keeping food locked and out of sight, and working with a dietician to implement predictable meal plans and schedules [15] . This has been shown to help patients feel satisfied, allow them to shift their focus from food-oriented activities, and help to control many behavioral problems [14] . Because of the way these living situations are designed, later nutritional phases (specifically phase 4-an ability to feel full) might measure the efficacy of treatment, not the natural progression of PWS. All of the 13 patients who reported the ability to feel satiated during at least one clinic visit lived in food-secure environments (family home or group home).
The only patient in our sample who was identified as living independently required significant supervision and dietary control in order to maintain a healthy weight. This patient had not "achieved" phase 4 at the age of 49 years. Only two of 82 patients in Miller and colleagues' population were considered to have entered the fourth and final phase. Thus the evidence for an adult satiety phase in the natural progression of PWS is weak.
Other clinical findings
Our chart reviews provided a variety of evidence on feeding behaviors during the progression of PWS. Of the eleven patients for whom we have feeding information from the first six months of postnatal life (34 separate visits), only three mothers attempted to breastfeed. Two of these attempted to breastfeed before their infants were two months of age, while the third did not begin breastfeeding until her six-month visit. These mothers were dedicated to making breastfeeding work, but none was fully successful (see Table 1 for a summary of infant feeding histories of these patients). Based on their medical records, only seven of the 55 individuals with PWS in our study had a history of breastfeeding. Of this small group, three required nasogastric intubation at birth, and all required supplementation by infant formula and/or expressed breast milk during the breastfeeding period. A total of 24 infants were given expressed breast milk (usually in combination with infant formula). Of these infants, seven were not only unable to breastfeed, but also required assistance in bottlefeeding (e.g., Haberman bottle, compressible bottle, syringe feeding, and enlarged nipple hole).
We were unable to assess the age of transition to solid foods, although many parents anecdotally commented that this transition was an easy one for their child with PWS. One mother with twin boys noted that her son with PWS showed much more interest in solid foods than his twin brother without PWS, while still showing the typical PWS aversion to fluids (absent in his brother without PWS). Behaviors associated with the introduction of solid foods would be an area of clinical and evolutionary interest for further exploration. Individuals with PWS are often described as having a nondiscriminating appetite, but 17 of our 55 patients (9 deletion cases, 1 maternal uniparental disomy, 7 unknown or not tested) were described by parents or care workers as "picky eaters" over 49 separate clinic visits. These individuals ranged in age from 11 months to 32 years. Interestingly, one of our patients was described by his mother as significantly more fastidious than his twin brother without PWS, showing aversions to proteins and some fruits (34 months old). Food preferences showed clear patterns with age: all picky eating between 11 to 29 months involved texture sensitivity (refusal to eat meat or nonpureed/chunky foods). One possibility is that these patients had developed oral aversions secondary to prolonged gastric feeding. An aversion to meat and dairy (including milk) was quite common throughout the age groups, as well as an increased preference for starchy foods.
Discussion
Miller and colleagues present a more nuanced model of nutritional phases in PWS. Specifically, their system of disease progression includes an ontogenetic separation of slow metabolism (weight increase, phase 2a) from increased interest in food (hyperphagia, phase 2b). This gradual shift in feeding behaviors has been noted to some extent in previous research, which found that weight gain began at around age 4-5 months, and normalized between the ages of 15-30 months. Furthermore, it was noted that parental reports of increased interest in food and eating behaviors beyond normal occurred after the age at which BMI started to increase beyond the normal range [16] . However, anecdotal reports from parents indicated eating behaviors that differed qualitatively from a young age, leading the authors to consider the possibility that hypotonia during infancy as well as timely implementation of strict feeding controls may have masked early signs of hyperphagia in this group. They found that any relaxation of feeding controls, even at a young age, resulted in increases in BMI [16] .
Previous evolutionary interpretations of the phenotype of PWS have been based on the two-phase model of disease progression in which children with PWS change from disinterest in food to hyperphagia at some time during the first three postnatal years. Haig and Wharton suggested that PEGs from the PWS region had evolved to promote suckling during early infancy and to resist introduction of alternative foods at the time of weaning [5] . The major benefit for infants was conjectured to have been longer delays until births of younger sibs caused by prolongation of their mothers' lactational amenorrhea [8] . Conception is followed by birth nine months later. The benefit for the suckling child of delaying the conception of a younger sib would have been greatest during the first year but would have rapidly declined with postnatal age. Furthermore, this nonnutritional benefit of night waking and suckling would disappear once the mother was pregnant with a younger sib (new pregnancy is a common reason for weaning in noncontracepting populations [17, 18] ).
The transition from poor appetite (phase 1a) to improved appetite (phase 1b) occurs at about nine months of age in the multiphase model of Miller and colleagues. This early gain in appetite is compatible with the model of Haig and Wharton that relates increase of appetite to the ancestral age of weaning [1] . However, hyperphagia and associated behaviors do not become prominent until about eight years (phase 3) and appear unlikely to be explicable in terms of evolutionary conflicts associated with weaning from the breast to solid foods.
The onset of hyperphagia in PWS roughly coincides with middle childhood and adrenarche [19, 20, 21] . Adrenarche occurs at around the age of weaning in great apes: bonobos wean after four years [22] with increases in adrenal androgens after five years [23] ; orangutans wean after seven years [24] with increases in adrenal androgens after eight years [25] . Campbell noted that increased production of adrenal androgens accompanies independence from mothers at weaning in rodents and monkeys but occurs much later than weaning in humans [26] . Early hominins were probably weaned at adrenarche as occurs in other great apes. The origin of "complementary feeding" can be conjectured to have allowed human mothers to conceive another child before its older sib was nutritionally independent [7] . Thus, human weaning can be considered to occur in two stages: from breast milk to a special infant diet and from this diet to adult food. In this interpretation, the "five-to-seven-year shift" of middle childhood in modern humans coincides with the second stage of weaning and is behaviorally homologous to the increased independence that occurs at weaning from the breast in other great apes.
Adrenarche occurs early in PWS [27] implying that PEGs from the PWS chromosomal region directly or indirectly inhibit production of adrenal androgens. We conjecture that behavioral changes associated with adrenarche reduced the demands of our ancestors on their mothers' time and attention, possibly including time spent by mothers in collecting and preparing special foods. As a consequence, maternally-derived genes expressed in infants evolved to favor earlier adrenarche than paternally-derived genes. It would be interesting to know whether changes in appetite in PWS are correlated with changes in the production of adrenal androgens.
Food-seeking behaviors in PWS have been variously described as "foraging" or "food-stealing" [28] but the alternative labels have very different connotations in everyday life and suggest different evolutionary interpretations. "Foraging" suggests a prosocial behavior that benefits kin by reducing the costs of provisioning the child, whereas "food stealing" suggests an antisocial behavior in which the child takes food from other group members [7] . Clarification of symptomatic differences between these two descriptors would help further evolutionary understanding. Observations that some individuals with AS develop hyperphagia [29, 30, 31, 32] and that a few males with PWS develop anorexia nervosa [33, 34] add further complications. Clearly, there is much still to be learned about the natural history of appetite and food-related behaviors in PWS and AS.
Future directions
Humans wean offspring sooner than their closest nonhuman relatives and consequently have shorter interbirth intervals. As a consequence, care of successive offspring overlaps more than in other great apes, made possible by social support of mothers and special post-weaning child diets. Weaning is followed by a prolonged period of slow growth before our distinctive pubertal growth spurt [35] . We believe that the greatest contribution of evolutionary thinking to understanding phenotypic changes in PWS will come from viewing these changes within a conceptual framework of increasing independence from maternal care during childhood and associated changes in feeding.
The phenotype of infants with PWS fits evolutionary models in which PEGs have been selected to enhance suckling and night waking because of a benefit to infant fitness at a cost to maternal fitness [5, 6, 7, 8] . While our paper has focused on feeding behaviors, the phenotype of older children with PWS promises to provide similar insight into kin-mediated tradeoffs in the evolution of other distinctive aspects of human childhood. For example, adrenarche occurs early in children with PWS [27] but puberty is generally considered to be delayed and incomplete [36, 37] . Recently, mutations in the paternallyderived copy of MKRN3, a PEG from the PWS region, have 6 Journal of Evolutionary Medicine been identified as a major cause of precocious puberty [38] , but early puberty is not a diagnostic feature of PWS despite the absence of expression of MKRN3. This suggests that other imprinted genes from the PWS region interact with MKRN3 in the timing and progression of sexual maturation. An improved understanding of the dissociation of various aspects of adrenarcheal and pubertal progression in PWS may provide insight into the complex selective forces acting on the age of sexual maturation during human evolution. Going forward, evolutionary theory may also be applied to other relevant PWS symptoms, including psychological perturbations, in order to more fully understand the role of genetic conflict in human evolution.
Conclusion
Miller and colleagues' new system raises important questions for both evolutionary research and clinical practice, but we encountered difficulties in applying the new system to a different patient population. We found that treatment methods, including both behavioral strategies and psychiatric medications, are important variables that need to be considered in describing the "natural" progression of PWS. Furthermore, standard clinical collection tools often do not include the information required to place individuals in the multiphase system, rendering it difficult to implement in the context of current clinical practice.
Finally, we found little evidence for the final "satiable appetite" phase, although Dr. Glenn Berall notes that hyperphagia, in his clinical experience, may be less intense in older patients. This might be due, in part, to many years of behavioral modification training, but further research into this area is warranted. The inclusion of this final phase of satiety could illicit anxiety and negative self-perception in both patients and families of patients who fail to attain feelings of satiety. We therefore consider inclusion of a satiety phase to be clinically premature before further research shows that its achievement can be considered a realistic goal for adults with PWS.
From a methodological perspective, our pilot study identifies limitations of existing clinical data for the evolutionarily-informed study of rare human diseases whose phenotypes develop over many years. Because of the rarity of PWS, any particular clinic will have a relatively small heterogenous group of patients of mixed ages. All will receive treatments that differ depending on parental and physician choices, and control groups of untreated patients will be unavailable for obvious ethical reasons. Moreover, accepted standards of care will change over time so that cross-sectional studies confound age-differences with treatment differences.
Despite these caveats, clinical data do contain useable information about appetite in PWS. The new multiphase system is likely to improve the quality of this information because of the systems' attention to subtle and gradual changes in appetite. Moreover, evolutionary analysis can suggest kinds of information that would be simple to collect and that would help better understand the natural history of PWS. We are particularly interested in a possible relation between markers of adrenarche and changes in appetite and behavior.
While some evidence supports the multiphase model of nutritional phases in PWS, more work needs to be done before this system can be applied to clinical settings or evolutionary questions. Future studies should amend the statistical analyses to better adjust for age and to demonstrate linear phase progression. Moreover, it is important to control for treatment methodology, including both medication and behavioral interventions. Finally, clearer guidelines should be developed to assure correct implementation of the new staging system by PWS clinics.
